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The kinetics of phase transformations at cooling of carbon steel in dependence on the 
temperature of preliminary annealing Tan is studied. It is shown that the cooling from Tan > A3 
(i.e. above the temperature of ferrite start) with the rate 90 – 100 K/s results in structural state 
which essentially dependent on Tan; at 750
0С < Tan < 8300C the transformation is of perlite type 
whereas at Tan > 830
0C the martensitic structure arises. Our results evidence the formation of a 
special structural state in a certain range of temperatures near and above the boundary of two 
pase region which is characterized by a substantially nanoscale heterogeneity in carbon 
distribution, lattice distortions, and magnetic short-range order.  
 
 
1. Introduction  
By now steel remains the main construction material of our technology due to high 
availability of its main components (Fe and C) and diversity of properties reached by realization 
of various structural states. The latter is possible due to a rich phase diagram of iron with several 
structural transformations at cooling from high temperatures (paramagnetic bcc Fe) → 
paramagnetic fcc Fe) → ferromagnetic bcc Fe. The presence of carbon adds carbide 
phases, cementite Fe3C being the most important one [1,2].   
Development of the phase transformations in steel includes two main types of processes: the 
crystal lattice reconstruction and redistribution of carbon between the phases. Competition of 
these processes results in diversity of structural states of steel which can be realized depending 
on composition and conditions of thermal treatment. As it commonly accepted (see discussion in 
Refs [3,4,5]), the variation of magnetic order plays a decisive role in regular evolution of 
transformation mechanism with temperature from martensite (development of lattice instability 
at rather deep overcooling) to ferrite (nucleation and growth just below the temperature of  –  
equilibrium). Whereas, the bainite and pearlite transformations take place at intermediate 
temperature range due to an interplay of diffusion and shear processes [5,6] and results in 
microstructure with alternating -Fe and cementite phases.   
It is commonly accepted, that the realization of a certain microstructure during thermal 
treatment depends on the cooling regime, chemical composition [1,2] and the prior austenite 
grain size [7]. At the same time, the achieved structural state is not sensitive to the start 
temperature of cooling in austenite region (if other conditions remain the same). Such an 
assumption is based on the idea that the austenite is a homogeneous solid solution of carbon in 
fcc iron in whole its phase stability region. This concept is supported by the results of X-ray and 
neutron diffraction [8] as well as the Mössbauer spectroscopy [9,10] which did not reveal 
deviations from a random distribution of carbon impurity atoms in fcc iron. As a result, the 
structural state of the overcooled austenite does not depend on the initial annealing conditions.  
In this paper, we demonstrate that this concept is not complete. We show that holding of 
austenite just above the two-phase  +  region followed by a rapid cooling results in pearlite 
transformation while annealing of austenite at higher temperature leads to martensite 
transformation. The results obtained demonstrate the existence of a peculiar state of austenite in 
the temperature region close to the boundary of two-phase region what provides a new 
perspective at the phase transformation in steel.  
 
2. Experimental methods  
The transformation kinetics was studied by using the specially designed research facility that 
allows us to measure with high accuracy the temperature changes during cooling/heating and the 
heat of phase transformation. The samples were made of carbon steel with the base composition 
0.65C–0.26Si–0.99Mn (wt%); they were rectangular plates with a thickness of 0.6 mm. To 
achieve an equilibrium state, the sample was heated in an electric furnace followed by holding 
for 5 – 10 minutes at temperature Tan above the eutectoid point in the range 7200 – 9500C. The 
sample was then quickly removed from the furnace by a special mechanical device while air 
cooling system was being activated. The rate of the cooling was ranged by change of pressure 
before greed of nozzles. The temperature of the sample was measured by three pyrometers 
operating at different temperature ranges; the following results were obtained by combining  
indications of all of them. Two pyrometers Raytek Marathon FR1A were operating in the 
interval of the infrared spectrum corresponding 550-1100°С and the third one was high-speed 
pyrometer OPTRIS CTfast working in middle infrared interval 50-775°С. One infrared 
pyrometer was used for calibration, that ensured high accuracy of measurements. The 
microstructure of samples subjected to thermal treatment and cooling were studied by using 
SEM QUANTA-200. Investigations of fine features of microstructure were carried out using 
TEM JEM-200CX.  
 
3. Experimental results 
As a first step, we investigated the kinetics of transformation in dependence on the cooling 
rate Vc after exposure of samples at fixed temperature Tan = 900
0C. In this case the obtained 
temperature change with time follows the standard concepts [1,2]: for the composition under 
consideration the diffusive pearlite transformation occurs when the cooling is rather slow and 
shear martensite colonies gradually replace the pearlite microstructure when the cooling rate 
increases. The characteristic value of the cooling rate which corresponds to the switching of the 
transformation mechanism was found at about 100 grad/sec.  
The temperature variation during the cooling of samples with initial rate Vc = 100 - 110 
grad/sec [11] starting from different annealing temperatures Tan is shown in Fig. 1. One can see 
that the temperature profile of the cooling is changed essentially when the temperature Tan 
increases from 7200 to 9500C. A preliminary exposure of sample just above the two-phase region 
(7500C < Tan < 830
0C) leads to a peak in the cooling curves at about 6000C.  This peak 
disappears when Tan > 830
0C and an inflection point is observed on the curves near 2400C. The 
latter feature is typical for the martensitic transformation developing very quickly as a result of a 
lattice shear instability; the microstructure observed in this case is shown in Fig. 2b.  In contrast, 
the cooling after the exposure at lower temperature, 7500C < Tan < 830
0C, results in the 
formation of a fine pearlite structure (Fig. 2a) which represents regular alternated plates of -Fe 
and cementite Fe3C. It should be noted that the pearlite forms very rapidly in this case, in about 5 
sec.    
Thus, the observations lead to a surprising conclusion that the mechanism of transformation 
depends (at least for the steel composition under consideration) on the temperature of pre-
annealing in austenite region. For the given cooling rate, the pearlite transformation develops 
after exposure near the boundary of the austenite region and an increase of the annealing 
temperature switches the transformation mechanism from pearlitic to martensitic. It should be 
noted that an increase in the cooling rate above 130 grad/sec (keeping annealing temperature) 
changes the transformation scenario by replacing pearlite transformation to the martensite one.   
Since the used cooling rate was the same for smaller and higher annealing temperature Tan, it 
must be assumed that the phase/structural state of the austenite just before the cooling is rather 
different in these two cases. To qualify the features of the structural state of austenite in the 
temperature region near the two-phase boundary, an experiment that included the variation of the 
temperature in the cycle fast heating – cooling (Fig.1 b) starting from the same initial state 
corresponding to the fine perlite (Fig.2 a) was carried out in Ref. [12]. A characteristic feature of 
heating curve in this case is well-pronounced plateau near temperature 7500C which correspond 
to the boundary of two-phase region (for the given composition). This plateau is a manifestation 
of the heat absorption (endothermic reaction) due to dissolution of pearlite colonies. The fast 
cooling after the fast heating to temperatures above 7500C results in pearlite transformation (as is 
evidenced by the kink on the curves 2-4 in Fig. 1b) or martensite transformation (curve 5 in Fig. 
1b).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Temperature of steel samples in dependence on time during fast cooling after annealing 
above A3 (a) and in cycle fast heating – cooling (b). Curves 1-9 in Fig.1 (a) match annealing 
temperatures Ta = 720
0, 7500, 7700, 7900, 8100, 8300, 8500, 9000, 9500C, respectively.  The 
cooling curves are shifted from each other for convenience of the eye. Note, the temperature start 
of measurement in Fig.1(a) is slightly lower than corresponding value Ta due to delay caused by 
movement of the sample from the furnace into the measuring system. Temperatures start of 
cooling in Fig.1b are equal 7650, 8400, 8750, 9200C, 9300C (curves 1-5, respectively). 
 
 
One can assume that the fast heating up to temperature at 7500C < Tan < 900
0C leads to the 
formation of a microstructure with partially undissolved cementite that initiates perlite 
transformation during the following fast cooling. However, as one can see from Fig.1a, a 
preliminary relatively long exposure (5-10 min) in this temperature interval does not change the 
mechanism of the transformation at the subsequent cooling. These observations clearly point out 
that a special metastable structural phase/state of austenite that is realized after exposure at 
temperature region just above two-phase boundary should be different from normal mixture 
austenite and undissolved pearlite (as assumed in Refs. [12,13]).    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Microstructure of samples after fast cooling with rate of 110 grad/sec. (a) Tan = 770
0C, 
fine plate pearlite; (b)  Tan = 850
0C, martensite.  
 
 
4. Discussion and conclusions  
The presented results clearly demonstrate that the scenario of austenite decomposition may 
be quite complicated and essentially dependent on pre-history of the system in austenite region. 
This conclusion disagrees with the commonly accepted image of austenite as a homogeneous 
solid solution of carbon in fcc Fe. Our finding suggests that annealing in a certain range of 
temperatures near and above the boundary of the austenite region (7500C < Tan < 830
0C for the 
composition under consideration) leads to the formation of a special structural state (SSS). The 
decomposition of this SSS results in the fine pearlite formation (if the cooling rate is not too 
high) while cooling from a higher temperature (with the same cooling rate) leads to the 
conventional martensitic transformation. On the other hand, quenching of SSS results in the 
martensite formation with unusually low tetragonality [13,14]. Based on these observations, the 
suggestion was made [13,14] that SSS is different from usually assuming homogeneous solid 
solution of carbon in fcc-Fe and should be considered as a substantially nanoscale heterogeneity 
in carbon distribution, lattice distortions, and magnetic short-range order (MSRO) [15].   
Generally, a short range order corresponding to the low-temperature phase is usually 
observed in a narrow interval just above the transition temperature. However, the SSS discussed 
here exists within a rather broad temperature interval. It is known that well-pronounced short-
range order or heterogeneity in few or ten nanometers (so called “heterophase fluctuations”) are 
often observed in a certain interval of temperature in magnetic alloys with strong coupling 
between magnetic and lattice degrees of freedom (or chemical composition), such as Cu – Mn or 
Fe – Ni invar alloys [16,17]. Usually, the appearance of such internal heterogeneity in varied 
systems is associated with frustrations which can be of crystallographic origin [18] or result from 
competition of different interatomic interaction mechanisms [19,20]. The possibility of the 
formation of some special heterogeneous structural state of Fe-C in austenite region was already 
briefly discussed in Ref. [13] where it was assigned to a strong coupling between lattice and 
magnetic degrees of freedom in fcc Fe [21,22].  
As follows from the results of ab initio calculations the ferromagnetic state of γ-Fe can 
reduce essentially its energy if its formation is accompanied by tetragonal distortions of crystal 
lattice [22]; the gain in the magnetic exchange energy is about 0,1 eV (about 1000 K) in this 
case. It means that, besides the global minimum matching paramagnetic fcc lattice, there is an 
additional minimum in energy of Fe which corresponds to a metastable magnetically-ordered 
and tetragonal distorted (fct) state. Wherein, the presence of carbon atoms can increase exchange 
energy and stabilize fct state [21]. Based on these arguments one should expect the appearance 
of a heterogeneous SSS of Fe-C with fcc and fct regions alternate each other in some 
temperature region where MSR is rather strong to provide fct state.  
The heterogeneous state discussed here is closely connected to the so called Metastable 
Intermediate State (MIS) which was recently discussed in detail in Refs. [23,24] based on the 
results of first principle calculations. According to Ref. [23] MIS can be considered as a 
tetragonal distorted ferromagnetic austenite with carbon distributed over the interstitial positions. 
This structure is linked to austenite, ferrite and cementite by natural ways; the use of the concept 
of MIS allows us to describe correctly austenite decomposition with the pearlite formation [6]. 
An important condition of the MIS stabilization is the existence of magnetic order (MSRO at 
least) in the temperature range of interest (7500C - 8300C). Based on the results of ab-initio 
calculations [5,21] we should expect a pronounced increase of the exchange energy in distorted 
austenite with the moderate carbon concentration and, as follow, stabilization of MIS.  
Thus, the concept of a SSS formation in a certain temperature near and above the boundary 
of the austenite region are supported by current views based on results of ab initio calculations of 
Fe-Cu system. Further development of such ideas is to be essential for progress in metallurgy 
technology.  
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